The application of solid state electrochemistry techniques for dating archaeological strata using Pbbearing bronze coins is described. The proposed methodology was applied to samples coming from the Roman archaeological site of Magna Mater Temple (Rome, Italy) occurred in different strata dated back between the second half and the end of the 4 th century A.D. and the 20 th century. The voltammetric signatures of copper and lead corrosion products in contact with aqueous acetate buffer, as well as the catalytic effects produced on the hydrogen evolution reaction, were used for establishing the age of different strata and dating coins belonging to unknown age. Voltammetric data were consistent with a theoretical approximation based on a potential rate law for the corrosion process.
Introduction
In the archaeological frame, determining the provenance of materials and dating artifacts, buildings, etc. are essential analytical objectives for which a variety of physic-chemical methods, including radioactive series, luminescence techniques, among others, are available [1, 2] . In many cases, the target is to date the different strata which can be distinguished in a given archaeological site. This is frequently made difficult by the limited number and/or characteristics of the objects accessible in each stratus and/or the complexity of the stratigraphic distribution and/or the appearance of inclusions, and reused materials.
By the first token, dating metals is particularly difficult and typically can only be performed by means of the 14 C radiocarbon method in cases where the metal sample was accompanied by organic matter [1, 2] . Although relevant data for determining metal provenance can be derived from the chemical composition of the alloy, isotope ratios, and the microstructure of the alloy and patina from metallographic cross sections [3, 4] , sampling the metal core of the archaeological objects is in general not allowed so that analytical data have to be extracted from metal corrosion patina [5] [6] [7] [8] .
In this context, Robbiola and Hurtel [9] and Welter [10] proposed that the relation between the Zn/Cu and Sn/Cu concentrations in the patina and the base alloy may act as chronological indicators for brass and bronze artifacts, whereas Reich et al. [11] described a method for dating lead using measurements of the Meissner effect. Such methods, generically, are based on monitoring the corrosion processes involving by the one hand decuprification, destannification and dezincification of bronze/orichalcum in bronze corrosion [12, 13] and the growth of metal corrosion products.
Electrochemical techniques are widely used in corrosion studies and have been applied to identify metal alloys and corrosion products [14, 15] , quantization [16] , characterizing metal patinas [17, 18] , and monitor stabilization processes of archaeological metal [19] . In previous works, we described electrochemical methods for dating lead [20] and copper/bronze [21] archaeological artifacts based on the voltammetry of immobilized microparticles (VIMP), a solid-state technique based on the record of voltammetric response of a solid micro-or nanosample mechanically transferred to the surface of an inert electrode immersed into a suitable electrolyte [22] [23] [24] . As a direct antecedent, the proposal by Scholz, Brainina et al. [25] of an electrochemical method for dating ceramics based on electrocatalytic effects of such materials on selected redox probes, as recently reviewed [26] . The use of VIMP is of particular interest in the field of metal archaeology by its inherent possibility of using sampling at the nanogram level using minimally invasive one-touch sampling protocols [14, [27] [28] [29] .
In a previous work, we have reported a VIMP-based method for dating leaded bronze archaeological artifacts which was applied to statuary and other objects based on the relative intensity of the voltammetric signals of copper and lead corrosion products [30] . Here, we extend the above approach i) providing a detailed analysis of in-depth distribution of Cu and Pb corrosion products, and ii) combining the above signals with those associated to catalytic effects on the hydrogen evolution reaction (HER) for dating purposes.
Here the proposed methodology is applied for dating different archaeological strata in the old rooms For establishing a refined dating, a model of moderate corrosion of leaded bronze is presented, extending previous formulations developed for characterizing corrosion products [32, 33] and screening copper/bronze monetary emissions [34] [35] [36] [37] . The model has been applied to a series of 38 coins which where unearthed in a latrina, located on the south side of the domus Tiberiana, providing from the different strata previously indicated. In a precedent VIMP plus EIS study on a sub-set of 15 coins from this site [35] , we described the possibility of using this methodology for grouping coins from different archaeological strata, thus correlating the voltammetric features associated to cuprite and tenorite corrosion products. VIMP data have been complemented with Raman spectroscopy and focusing ion beam-field emission scanning electron microscopy with energy dispersive x-ray detection (FIB-FESEM-EDX).
The numismatic characteristics of the studied set of coins are summarized in 
Experimental

Instrumentation and methods
Voltammetry of microparticles experiments were performed at sample-modified paraffinimpregnated graphite electrodes using commercial graphite bars (Faber Castell HB, 2.0 mm diameter) using 0.25 M HAc/NaAc buffer at pH 4.75 aqueous solutions as supporting electrolytes.
All electrochemical measurements were carried out using a CH I660 potentiostat. A standard threeelectrode arrangement was used with a platinum auxiliary electrode and a Ag/AgCl (3M NaCl) reference electrode.
Raman spectra of different coins were obtained by means of a XPlora Horiba MTB model and a 532 nm laser as excitation with maximum power of 90 mW. The samples were measured in backscattering geometry at room temperature. A 100 confocal microscope objective was used to focus the excitation laser on the sample and collect the scattered light to the spectrometer. More than 3 different areas were an Oxford-X Max X-ray microanalysis system coupled to the FESEM controlled by Aztec software.
A voltage of 20 kV and a working distance of 6-7 mm were used.
Samples
A series of 37 Roman coins (catalogue numbers and numismatic description are summarized in 
Results and discussion
Organoleptic properties and corrosion products
All studied bronze coins showed a relatively advanced state of corrosion, with a brownish surface extensively covered, in most cases, by a rough, irregular greenish layer. 1062 and 1500 cm 1 ) [38] [39] [40] . Similarly, the spectra of individual lead corrosion products, namely, cerussite (57, 73,102 and 1051 cm 1 ), hydrocerussite (1051 cm 1 ), litharge (82, 147 and 339 cm 1 ), and massicot (77, 88, 143 and 289 cm 1 ) were also recorded in different spots of the studied coins [38] [39] [40] .
FIB-FESEM-EDX imaging
Aiming to complete the electrochemical results, microscopic analysis using FIB-FESEM-EDX was performed. As previously reported [36, 37] , this technique can be considered as micro-invasive; the focused beam of Ga ions generate trenches which size is lower than 10 µm, then not detectable at the macroscopic level. Figure 2 shows the secondary electron images of the trenches ca. 10 µm length and ca. 15 µm depth produced by FIB in the region of interest in the coins 550602, RZ5814, 550588 and 550612, respectively belonging to the archaeological strata A, B, C and D. Thanks to this technique, it is possible to study the microstructure of the patina and the inner alloy of the samples.
The inner metal seems to be quite homogenous due to a core mainly characterized by Cu (averaged to 905 % wt) with a lower % wt of Pb (averaged to 52 % wt in the core) and Sn as it possible to verify in Table S shows a more complicated microstructure with a high % wt in Pb that can cause characteristic partings of Cu and Pb.
In the case of coin 550612 (Fig.2d) , the fracture can be the responsible of the introduction of some typical elements of soil (Si, P, Cl, Ca, As) since the prolonged burial period of the samples. In the considered coin, Sn is not detected while the % wt of Pb is relatively high in comparison with the other three coins, reaching until 24 % wt in the surface. This can support the idea of the large use of Pb in the Roman bronze alloy. The use of Pb is strictly related to the history, the political and the economic issues of the Roman Empire: lead minerals were largely available in the territory under strict Roman control. On the other hand, Romans lost tine mines located in London or in Salamanca during the German invasion in the fifth century [41] . However, the Romans knew that the variations of elemental composition in bronze could affect its inherent characteristics. In particular, adding lead in the bronze improve machinability by making the production easier.
Regarding the availability of metals deposits in the Roman period, it is possible to note the detection of Ag in coin 550602 ( Fig. 2a) in the inner part of the alloy. The mineral Galena (PbS) was largely used for the extraction of Pb and during the Roman empire and the richest region of Galena deposits was Sardinia [42, 43] . It is well-known that galena can be a primary source of Ag (argentiferous galena) and it is possible to suppose that the Pb used in this coin was extracted from an argentiferous galena via cupellation process did not eliminate completely the Ag from the melted ore mineral. Moreover, Ag is detected into the deeper part of the microstructure, ruling out the hypothesis that it can be an external element due to the burial environment.
As written above, all the coins shows an inner alloy composition made essentially by Cu that gives back a homogeneous microtexture. Coming closer to the surface, the % wt of Cu is reducing while the % wt became higher. This is confirmed in Figure S .2, where it is shown the variation of Cu and Pb (% wt) vs. the depth. Here, the enrichment of Cu in the inner part of the alloy while Pb increase coming closer the surface patina is clearly displayed and it due to a several reasons. This variation is possible because of surface depletion of Pb but also to the obvious insolubility of Pb and Cu at the environmental temperature. [14] [15] [16] [17] [18] [19] and previous data [29, 30] , the peak C1 corresponds to the protonassisted reduction of cuprite to copper metal, while the signals C2 and C3 can be attributed to the reduction of lead corrosion products. These last signals obscure that for the reduction of tenorite, appearing at ca. 0.40 V [21] and can reflect the presence of more or less compact layers of litharge [20, [44] [45] [46] . The anodic signals can unambiguously be attributed to the oxidative dissolution of the deposits of lead (APb) and copper (ACu) electrochemically generated at negative potentials as a result of the reduction of the respective corrosion products. Both signals display peak splitting, a feature which can be attributed to the formation of different metallic deposits during the reductive step, as described in literature [47, 48] . The voltammograms recorded from spots on the greenish regions of the coins were similar although in general the peak C1 was enhanced, a feature attributable to the presence of other copper corrosion products (mainly malachite, as denoted by Raman spectra) whose reduction in acetate buffer overlays with that of cuprite.
Voltammetric pattern
The presence of lead corresponds to a frequent practice in the antiquity because the addition of lead to bronze lowers the alloy cost and results in an improved fluidity and mould-filling capability [49] .
The relatively low solubility of lead into copper results, however, in the appearance of peculiar corrosion patterns consisting of globular lead segregates and unalloyed copper inclusions [50, 51] .
As a result, the composition of the corrosion patina of leaded bronze is particularly sensitive to changes in the composition and metallographic structure of the base alloy. Then, as previously described [30] , under long-term metal corrosion, quasi-equilibrium conditions would be attained without extensive corrosion in the metallic phase(s), the ratio between the thermochemical activities of the corrosion products, assumed to be cuprite (Cu2O) and litharge (PbO), aCu2O/aPbO, can be related to the initial composition of the leaded bronze, given by the respective molar fractions of copper and lead, xCu/xPb, by means of the relationship:
Ks(Cu2O) and Ks(PbO) being the respective solubility products of the corrosion products. Available thermochemical parameters denote that, even for bronzes containing lead yields below 5% wt, the net amount of lead corrosion products should be clearly larger than those of copper corrosion products. This prediction is consistent with voltammetric data where the ip(C1)/ip(C2) and ip(C1)/ip(C2) ratios will be representative of the (copper corrosion products)/(lead corrosion products) ratio. Available data for statuary denoted that the ip(C1)/ip(C2) ratio increased with the age of the objects [30] .
Modeling in depth distribution of corrosion products
Let us assume that corrosion proceeds via formation of local cells yielding a primary patina of cuprite and litharge subsequently growing and forming a more permeable secondary patina, as described by Robbiola et al. [6] for copper/bronze objects. It will be assumed that in the primary patina/base metal interface it is established the equilibrium Cu2O + Pb  Cu + PbO while the secondary patina is progressively enriched in tenorite, whose formation through the aerobic oxidation of cuprite is thermodynamically spontaneous [52, 53] , and 'porous' lead oxide [20, 44, 45] (see scheme presented as a Supplementary material, Figure S. 2). Assuming that these processes (Cu2O + (1/2)O2  CuO and PbO (+ H2O)  'porous' PbO) proceeds independently, there will be a gradient of concentrations of the different products in the secondary patina. It will be assumed that the number of tenorite grains per volume unit, nten, will increase from zero in the primary/secondary patina boundary (x = ) to a value sup ten n at the external surface of the secondary patina (x = 0) whereas the number of cuprite grains per volume unit, ncup, will decrease from its value in the primary patina, . For the previously studied binary cuprite plus tenorite system, the peak current (or peak area) for the signal due to cuprite reduction (C1) will be [36, 37] :
In this equation, cup represents an electrochemical constant depending on the electrolyte, potential scan rate, etc. In turn, it will be assumed that the number of 'impermeable' litharge grains per volume unit, nlit, vary with depth following a potential law. Now, we consider the signals for litharge (assumed to be the main corrosion product of lead). Then, the peak current (or peak area) for the signal due to primary litharge reduction (C2) can be approximated by the expression: Assuming that the formation of 'porous' litharge is not extensive and that the formation of tenorite is much less extensive, one can approximate: Additional modeling can be obtained using the stripping peaks corresponding to the oxidative dissolution of the deposits of Cu and Pb formed in electrochemical runs. It has to be accounted, however, that Pb is electrochemically deposited at potentials more negative (see Figure 3) than Cu, so that, under our experimental conditions, Pb is deposited on a Cu-plated graphite electrode.
Denoting by NCu, NAg the absolute number of Cu and Pb grains electrochemically generated in the microparticulate deposit after sampling at a depth z, one can write:
. Using the above assumptions, one can arrive at the equation: A third experimental test can be obtained using the current measured for the HER process at a given potential, i(HER). Since this process occurs more easily at Cu-and Pb-plated graphite than at the bare graphite surface, one can assume that the current for this process will result from the sum of two contributions: the H + (aq) reduction occurring at the 'free', uncovered graphite surface, and that due to the catalytic effect of the metals deposited in the previous cathodic processes for the reduction of copper and lead corrosion products; i.e.:
where So denotes the total electrode area and the h-coefficients are characteristic of each process and depend on the electrochemical conditions of operation (pH, scan rate, etc.). Taking into account the previous considerations, one can write:
which relates i(HER) with i(C2) and can also be experimentally tested. See Supplementary information (Annex A.1) for detailed derivation of Eqs. (5) and (6). Assuming that a potential rate law applies for the evolution of the corrosion products of copper and lead under uniform conditions of aging [11, 20, 21] , consistent with long-term metal corrosion studies [54] , we already proposed a simple equation to describe the ratio between the amounts of secondary corrosion products of copper and lead, derived from voltammetric measurements, can be expressed as [30] :
Dating
so that a calibration graph can be constructed from voltammetric data using a set of samples of known age. In the above equation, , and neglecting tenorite formation, Eq. (6) becomes:
Since, under our experimental conditions, the coverage of the graphite electrode is low, one can assume that S << So. Introducing the HER current measured at the bare graphite electrode, iº(HER), the increment of HER current will be: Voltammetric data were consistent with calibration graphs for dating leaded bronze and permitted a refined dating of the different archaeological strata, thus illustrating the capabilities of solid state voltammetry for yielding archaeometric information.
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